Simulacao Computacional dos Materiais

Caetano Rodrigues Miranda
IFUSP

crmiranda@usp.br

AULA 9-17/09/2020
Parte A

95596
%8
Nanopetro

aaaaaaaaaaaaa

tttttttttttttttttttttt




Introducao

Multi-scale Computational Hierarchy of
Materials Simulations

ELECTRONS = ATOMS = SEGMENTS = GRIDS

TIME ..
‘ Finite Element
hours Analysis
[
Discrete
microsec Elemen_t %
nanos( Mulecu_lar
Dynam
picose¢
Quantum
Mechanics
A nm micron m
-

Length



De volta para o futuro ....

Simulacdes moleculares provem um maneira de:
1) Calcular as médias temporais de um observavel
2) Visitar os pontos mais importantes do espaco de fases.

Conhecendo o espaco de

X1 fases e as médias temporais,

‘f*'% podemos conhecer as
propriedades
MACROscopicas do sistema.

b
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Figure 5.1: Motion of a point in a two-dimensional phase space. The diagram only maps

— the temporal evolution of two coordinates, ry, () and pz, (t), out of the 6 N coordinates,

ry, (1), vy (B), ..., Top (@), P2y (E), Pog (), ..., P2y (t). The arrows indicate the continuous
increase of time.



O Slide mais importante da parte |

Media do Ensemble = Média temporal

A= lim [ A de
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Estocastico x Deterministico

Estocastico - . Deterministico
Metropolis Force-biased Dinamica Dinamica Dinamica

Monte Carlo Monte Carlo Browniana Langevin Molecular




Dinamica Molecular

EquacoOes de
movimento de
Newton

d’r
dtz' =-V.V(T,T,...T,)

m




Dinamica Molecular

As propriedades podem ser obtidas por amostragem do sistema a um dado ensemble
(NPT, NVT, NVE, gran-canonical, ...)

At = IdeNVT A(T) = -

ke T
e_BH(F)
Pt (C) = where < H=K+V
ZNVT
. Lyt :IdeNVT
Hipotese o 1ot
Erg6dica (A)r = lim — A(t)dr
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Monte Carlo

Probabilidade
de transicao:




Monte Carlo

AV >0

Ranf <e®*Vm acelta
/ Ranf > @ PAVar rejeita

onde Ranf é um numero
\ randomico entre [0,1]

Algoritmo de Metropolis

AV <0

e PAVim >1 acelita




Schematice diagram of a basic MD code
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Calculate forces at current time t;
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Solve equations of motion for all particles in
the system over a short timestep At.
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Calculate desired physical quantities. write
data to trajectory file
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Write to the disc final atomic configuration & finish




Interagoes interatOmicas
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Fig. 2.2 Le Sage's picture of atiraction between particles of matter [249].

Corpuscules ultramondains




O que a simulagao atomistica envolve?

Modelagem de materiais em escala atomica.

LIGACAO pode ser descrita como:

Mecanica Quantica: calcula a energia total em funcéao da estrutura.

Potenciais efetivos (funcoes analiticas que descrevem aproximadamente
COmo a energia varia em funcao da distancia interatdmica ou geometria)

A

V()




Calculos de primeiros principios

Resolve numericamente a equacao de Schrodinger
Teoria do Funcional da Densidade (DFT)

Pseudopotenciais
Quantum-Espresso, SIESTA, VASP and Gaussian

Kohn - Nobel Prize 99

Composicao Propriedades

O = H w Thermodinamica
R O Parametro de rede

8 O ’ o — Constante elastica
O e © Estrutura eletronica

Cinética




Aproximacao de Born Oppenheimer

—

Atomos I sdo caracterizados pelo vetor coordenada R

Sistema caracterizado pela fun¢ao de onda

E(R) = min, E(R,y)

Para todo conjunto de coordenadas eletronicas R, estdo no estado fundamental

Temperatura

Longas excitagoes




Modelos de energia

Importante porque € a representagao da quimica/material

: ™
N forma funcional com
o < | parAmetros ajustados a dados experimentais (ou calculados) . Apenas energy:
< = _
< <= .
g % Potencial de Pares E( Rz)
o k5 Potenciais de muitos-corpos
> 2 . .
i £ Teorias de campo efetivo —
o) Q
2| Qual o melhor ?
£ =
5 2 ~
< z Tight Binding
MINDO/ZINDO/SINDO

Energia e

Parte da equacdo de Schrodinger e resolve a partir de

Estrutura eletrénica

v aproximagoes
Quimica Quantica(Hartree Fock)

Teoria do Funcional da Densidade

Monte Carlo Quantico _/

Intermediate Neglect of Differential Overlap



Feynman’s view point

AUGUST 15, 1939 PHYSICAL REVIEW VOLUME 56

Forces in Molecules

R. P. FEynMAN
Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received June 22, 1939)

Formulas have been developed to calculate the forces in a molecular system directly, rather
than indirectly through the agency of energy. This permits an independent calculation of the
slope of the curves of energy vs. position of the nuclei, and may thus increase the accuracy, or
decrease the labor involved in the calculation of these curves. Theforce on a nucleys in an

atomic system is shown to be just the classical electrostatic force that would be exerted on this

nucleus by other nuclei and Dy the electrons charge distribution, Qualitative implications of
this are discussed.

Once the spatial distribution of the electrons has been determined by solving the Schrodinger equation, all the forces
in the system can be calculated using classical electrostatics.



https://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation
https://en.wikipedia.org/wiki/Classical_electromagnetism

The Hellmann-Feynman theorem

It states that for any perturbation A , the first derivative of the ground state energy of the
Hamiltonian H , can be calculated by using the variational property of the wave function y,

Hy[tr) = Ex |y (Ualn) =1

~

dE, 5 dH,
A\ A

()




Luke, use massa vezes a
aceleracao! ou o teorema de
Hellmann - Feynman

© Original Artist
Reproduction nghts obtainable frc::m
www CartioonStockTcom




Do quantico ao atomistico

Lonhg Molecular Dyhamics run
with increasingly accurate >
(1,2,...,n) empirical potentials

RO 2 s

:,. > 5 P i
‘.: os ——Po, OQ@ ®
o o%"% N

T T

First-principles calculation of forces
and empirical potential update

= Assumption: DFT+vdW accuracy is OK
= Effective potential fitted to DFT

DFT methods and solvation Molecular Dynamics
continuum models

Mineral/oil interaction 3 . s
Mineral/brine/oil

interaction

“Optimized”
potential at P, T

A. Laio et al, Science 287, 1027 (2000)

Illustration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences



Interatomic potencial combining DFT + ML
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Tran Doan Huan et al., npj Computational Materials, 3, Article number: 37 (2017)



Limitacoes da Dinamica Molecular (I)

1) Descricao classica da interacao interatomica

« Elétrons ndo estao explicatamente presentes

(Superficie de energia potencial)

« Superficie de energia potencial € aproximada por uma funcao analitica que
fornece a energia potencial U em funcao das coordenadas.

« [Forcas sao obtidas do gradiente da superficie de energia potencial.




Limitacoes da Dinamica Molecular (I)

2) Em Dinamica Molecular classica, a eq. de Schrodinger para os nucleos é substituida
pela eq. de Newton.

Quao boa é essa aproximacao ?

Efeitos quanticos sdo relevantes quando o comprimento de onde de de Broglie A é
maior que a distancia entre particulas.




Limitacoes da Dinamica Molecular (1)

For the thermal motion we can use the thermal de Broglie wavelength:

h | .
A = For T =300 K we have A, = 1 Aforall atom
i B = th . .
i I[H.'.JKH;' Ay, = 019 Afor a Statom

Ay, = 016 Afor an Ar atom
Ay = 0.07 A'for a Auatom

Typical interatomic spacing i solid-state materials 1s d ~ 1-3 A, Therefore:

7 The wave nature of electron dommates over the particle behavior, electrons can not be
considered within classical approximation.

# All atoms. except tor the hightest ones such as . He. Ne, can be considered as “pomt”
particles at sulliciently high temperature (d == A) and classical mechanies can be used to
describe their motion,




Discussao dos modelos empiricos de energia

JPotenciais de pares: formas e limitagdes fisicas
I Classificacdo dos modelos empiricos
_IPotenciais de muito-corpos

I Funcionais de pares

] Potenciais dependente do ambiente (quimica)

Noc¢oes das formas tipicas dos potenciais ¢

entender as limitacoes das varias escolhas. Foco na forma,
nao nos parametros.




Potenciais para moléculas complexas

T 1 Le 0716
U= Z%Kh(b-ba)uZ%Kg(ﬂ-&fT U & ] \/ Eg:
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Michael Levitt, Nature Structural Biology 8, 392 - 393 (2001)
The birth of computational structural biology




Somatorio das energias de pares: Potenciais de pares

A

1 & - -
— V(R — R.
22 (R,—R))

Caracteristicas comuns: V(r)

. A - >
Repulsivo em distancias curtas \/, r
Atrativo em distancias intermediarias e longas

Normalmente aplicamos um raio de corte !

E = (k) +

Formas analiticas dos potenciais sdo baseadas em fundamentos fisicos

Relevancia fisica tende a desaparecer ganto as constantes do potencial sao ajustadas

Minimo conjunto de parametros: escalas de energia e comprimento




Lennard-Jones:
modelo simples com 2 parametros

A B
r)=—x-—
v r
i 12 6 |
_V( 7’) — (E) _ 2(2) ¢ define a escala de energia
c 7 7 o define a escala de comprimento
] -
Todos os sistemas LJ sdao idénticos quando bg :
escrevemos a temperatura, pressao € densidade o
em unidades renormalizadas. 0.6}
c '.
Temperature: — s 0'4;
k, e ol
P < :.,,,._,...........L.._..l,:,rg
ressure. —x ' A
o 0l 0.5 ! 15 ) 25
1 0.4}
Density. —

o~
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Potencial LLennard-Jones

@f’(r.l»rz}
F=0, Equilibrium

-

- | + Attractive /
- Hepulsive




Potencial Lennard-Jones

O Potencial LJ € uma aproximacao. A forma do termo de repulsao nao tem
justificativa tedrica.

A forca de repulsao deve depender EXPONENCIALMENTE com a distancia,

Mas o termo de repulséo da formula de LJ é mais conveniente pela facilidade e
eficiéncia no célculo do termo

r'2 sendo o quadrado de r®.

O Potencial atrativo de longo alcance, contudo, é derivado das interacOes de
DISPERSAO (London).




Schematice diagram of a basic MD code
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Write to the disc final atomic configuration & finish
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Parte 2 - Subrotina Init

O que é necessario ?
Definir: CondicOes: Temperatura, volume, nimero de atomos, ensemble

Coordenadas atomicas: Rede cristalina, minimizacao da energia, distribui¢cao randomica,
Informacao experimental, ...

Velocidades: Distribuicao de Maxwell-Boltzmann das velocidades
Fornece a temperatura media do sistema

AceleracoOes: das forcas das coordenadas atdomicas iniciais




Posigoes 1niciais




Posic¢oes 1niciais

Simple cubic Body-centered cubic Face-centered cubic




Posicoes 1niciais

Coordination number = 6 Coordination number = 8 Coordination number = 12

1
% atom % atom gatom
at 8 cormers at 8 corners at 8 corners
1
1 atom 3 atom
at center at 6 faces

Atoms/unit cell = 3 X 8 = 1 Atoms/unit cell = (Fx 8) + 1 =2 Atoms/unit cell = (5 8) + (3x 6) = 4




Limitacoes da Dinamica Molecular (I11)

3) LimitacOes nas escalas de tempo e espaco

As limitacOes no tamanho da célula computacional de Dinamica Molecular

Limitacao do tempo de simulacao




Limitacoes da Dinamica Molecular (I11)

3) Escala temporal

O passo maximo de integracdo em simulacdes e Dinamica Molecular é definido pelo
movimento mais rapido do sistema.

Freguéncias vibracionais em um sistema molecular sdo da ordem de 3000cm-1 (~10
femtosegundos)

Frequéncias opticas sao da ordem de 10THz (periodo de 100fs)

Um tipico passo de integracao em Dinamica Molecular € da ordem de
FEMTONSEGUNDOS (107-15s)




lL.ength-scale:

The size of the computational cell 1s hmited by the number of atoms that can be included n the
simulation. tvpically 104 — 107, This corresponds to the size of the computational cell on the
order of tens of nm. Any structural features ol mterest and spatial correlation lengths n the
simulation should be smaller than the size of the computational cell.

To make sure that the finite size of the computational cell does not imtroduce anv artifacts into the
simulation results. one can perform simulations for syvstems ol different size and compare the
measured properties.

10 nm+
. e ord MD simulations

1 pm+ *
100 mmn

10 rmm + *

Classical MD
1 nm 1
JMD
. . . R . .

f=s P= ns LLS



Condicoes de contorno

A escala espacial em Dinamica Molecular tambem é limitada:
Maior parte dos atomos que estdo na superficie “sentem” a presenca da superficie.

Como reproduzir as interagcOes atomicas em uma celula computacional em Materiais ?




Condicoes de contorno (Livre)

1. Free boundaries (or no boundaries). This works for
a malecule, a clusicr or an acrosol parmicle i vacoum.
Free boondary condifion can be alse appropnate for MD
ultrafast processcs when the effect of boundancs 15 mol
important doe to the shon time-scale of the nvolved

processes, ¢og fast wonfatom bombardment, eic,

on-sulface Infarachicn

Examples of free boundary conditrons 1 MDY

Lilirafast process of sputicring

Free clusicr

ke partwole bombardment, by Barbara Gamison
hvtp:gnliber chem pso oedw Eesearch benb bl



Condicoes de contorno - Rigidas

2. Rignd boundanrmes (atoms af the boundarnies are fixed ).
In most cases the ngid boumdanes are unphysical and can

Inirodduce artfacis 1o the simulation resulis.  Somechimes
wscd 1 combimaiion with giher conditions (stochasisc amd
penodic condimons, as discussed below )

ML




Condicoes de contorno periddicas

J. Periodic boundary condition (eliminates surfaces — the most popualar choice of

boundary conditions). This boundary condifions are uwsed (o simulaie processes a small
part of a large sysicm.

H O ! o ! o
CThe T T T T e T T T
. - - E
Large extemal sysicm Q_i_- - _____t;'_ R — .:'.;:I. S — -.';b..i. —
EE ‘2 MDD E'IT..‘ i
MD — @i’ o e o
- i? Sl E-T..-‘ i
i’ _o:i" | ei e
o it o i

AL atorns an the compuiatiomnal cell (green box) are replhicated throughont the space o fornm
an infinite lamice. Than is, af atoms in the compatational cell have positions r, the periedic
onndary comdiiton also produces maumer timages of the atoms gt posiiions delined as
J';"m'?: - I:I +la + mb + nc  where a, b, ¢ arc vectors that correspond o the edees of the
box, I m, nare amy inteeers fromn -0 (o 4o,




Condicoes de contorno periddicas
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FIGURE 2.13 Pecriodic boundary conditions in two dimensions. The primary cell is
surrounded by eight image cells and each cell is identified by a cell translation vector
. Each cell has a reference frame whose origin is the lower left corner of the ccll.
Each image frame is located wrt the primary frame by a vector R, such as the one
shown here for cell a=(—1, —1).
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Condicoes de contorno periddicas

box type image box box vectors box vector angles
distance volume a b c Zbc Zac Zab
d 0 0
cubic d d 0 d 0 90° 90° g0°
0 0 d
rhombic d 0 i
dodecahedron d +v/2d3 0 d zd 60° 60° 90°
0.707d* | O 0 =v2d
truncated d Ld _ 1d
octahedron d =v3d3 | 0 2v2d 3+/2d | 71.53° 109.47°  71.53°
0.770d3® | © 0 1v6d




Condicoes de contorno periddicas

Calculation of distances between atoms with periodic boundary conditions:

W hen the mimimum image criienon 15 satishicd, a parbcle can mieract only with the closcs
image ol any other particle.
AL
- -

0, O
Op o © v g ©

T s 1 1T I R I T 1T I R I B I1 1 I L 1 1 1 7 ' 0 1 B 1 1 ' | B ||} --I

-
o

B
R,

The closest image may or may not belong (o the computational cell. Therelore, in the code, if

a parnticle j 15 bevond the ange of imeraciion with paricle 1 I:F.IJ = R_,}, we have to check the
closest images. For example, in M5SES24-MD code, an algornthm for checking the closes

IS 15
IF{LIDX EQ 13 THEN where DX = IJ - X
IFIDX. GT. XLHALF) DX=DX-XL XLHALF = XL./2

IFIDX.LT.-XLHALF) DX=DX+XL
EMNDIF




Critério da imagem minima

Situation A:  x;; < L/2

image cell {-1) primary cell

Li-1) i)

b

0
o,

Ipfin
i P i

-

Kijjvame

F i N

image cell {+1}
H+1}  j(+1)

T TITTIPY ey




Critério da imagem minima

Situation B:  x; <-L/2 X Xy = X + L

image cel {—1) primary cell image cell (+1)

Vel wirra wrn

Ei(-ﬂ j{—ﬂi I_ i i) l(+1)§
i .

it




Critério da imagem minima

Situation C: Xy > L/2 Xy x;i = X5 - L
image cell (-1) primary cell image cell {+1)
’% i(-1) i{—ﬂ% 1 i ; j(+1) i{+n§
i i i
i 1 i

1
0 L




Tamanho do sistema e condi¢cdes de contorno

Sistema finito (ex. molécula ou cluster)
Sem problemas; -> simplesmente use todos 0s atomos

Sistema infinito (ex. sélidos/liquidos)

Nao podemos aproximar como sistema finito -> uso das Condic¢oes
Periddicas de Contorno

BaTiO,




Como tratar defeitos ?




Velocidades iniciais

100K Maxwell-Boltzmann distribution

~ q3/2

f(V) —Ar m Vlg—mvzfsz
| 2mkT
J00K

S00K

number of particles
|

0 1000 2000

molecular speed / ms-1




Schematice diagram of a basic MD code
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Write to the disc final atomic configuration & finish




